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[ Review

Variant Creutzfeldt-Jakob disease

John Colhinge

It is clear that the prion strain causing bovine spongiform encephalopathy (BSE) in cattle has infected human beings,
manifesting itself as a novel human prion disease, variant Creutzfeldt-Jakob disease (CjD). Studies of the incubation
periods seen in previous epidemics of human prion disease and of the effect of transmission barriers limiting spread of
these diseases between species, suggest that the early variant CJD cases may have been exposed during the
preclinical phase of the BSE epidemic. It must therefore be considered that many cases may follow from later
exposure in an epidemic that would be expected to evolve over decades. Since the number of people currently
incubating this disease is unknown, there are concerns that prions might be transmitted iatrogenically via blood
transfusion, tissue donation, and, since prions resist routine sterilisation, contamination of surgical instruments. Such
risks remain unquantified. Although variant CJD can be diagnosed during life by tonsil biopsy, a prion-specific blood
test is needed to assess and manage this potential threat to public health. The theoretical possibility that BSE prions
might have transferred to other species and continue to present a risk to human health cannot be excluded at present.

The transmissible spongiform encephalopathies, or prion
diseases, a group of neurodegenerative diseases that affect
human beings and animals, have attracted much public
and media attention. The unique biology of these
previously obscure brain diseases have been the subject of
long-standing and’ intense research and controversy.
However, the appearance and rapid evolution to epidemic
of the novel ammal prion disease bovine spongiform
encephalopathy (BSE), with the legitimate concerns of
human transmission and a potentially severe threat to
public health, have placed these diseases, and the people
who have managed and studied them, under an
unprecedented political and inquisitorial spotlight.

The human prion diseases have been traditionally
classified into  Creutzfeldt-Jakob  disease  (C]D),
Gerstmann-Straussler-Schemnker disease, and kuru, and
can be divided mto three aetiological categories: sporadic,
acquired, and inhertted. The acquired prion diseases
include 1atrogenic CJD and kuru, and arse from
accidental exposure to human prions through medical or
surgical procedures or partiapation 1 cannibalism.
Epidemiological studhes show no association between
sheep scrapie and the occurrence of CJD in human
beings.' Sporadic CJD occurs in all countries, with a
random case distribution and an annual incidence of one
per million. Around 15% of human prion disease is
inherited, all cases to date have been associated with
coding mutations in the prion protein gene (PRNPF), of
which more than 20 distinct types are recognised.® The
inherited prion diseases can be diagnosed by PRNP
analysis, and the use of these definitive genetic diagnostic
markers has enabled recognition of a wider phenotypic
spectrum of human prion disease, which includes a range
of atypical dementias and fatal familial insomnia.** No
such pathogenic PRNP mutations are present in sporadic
and acquired prion disease. However, a common prion
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protem (PrP) polymorphism at residue 129 (where
methionine or valine can be encoded) is a key determinant
of genetic susceptibility to acquired and sporadic prion
diseases, which occur mostly in homozygous individuals.*®
This protective effect of PRNP codon 129 heterozygosity
is seen also in some of the inherited prion diseases.®"

Prion diseases of human beings and animals are
associated with the accumulation in the brain of an
abnormal partially protease-resistant isoform of a host-
encoded glycoprotein known as prion protein The
disease-related isoform, PrP*, is derived from its normal
cellular precursor, PrP¢, by a post-translational process
that involves a conformational change. PrP¢ 1s rich in a-
helical structure, whereas PrP* seems to be composed
mainly of a B-sheet structure. According to the “protein-
only” hypothesis," an abnormal PrP isoform' is the
principal, and possibly the sole, constituent of the
transmissible agent or prion. PrP* is postulated to act as a
conformational template that promotes the conversion of
PrP¢ to further PrP*. PrP¢ seems to be poised between
two radically different folding states, and a and B forms of
PrP can be interconverted in surtable conditions.”? Soluble
B-PrP aggregates in physiological salt concentrations to
form fibrils with morphological and biochemical
characteristics stmilar to PrP*. A molecular mechanism
for prion propagation can be proposed.” Prion
replication, with recruitment of PrP° jnto the aggregated
PrP* isoform, may be initiated by a pathogenic mutation
(resulting in a PrP° predisposed to form B-PrP) in
inherited prion diseases, by exposure to a “seed” of PrP>
in acquired disease, or as a result of the spontaneous
conversion of PrP® to B-PrP (and subsequent formation of
aggregated material) as a rare stochastic event in sporadic
prion disease.

Although the existence of multiple strains or isolates of
prions with distinct biological properties has provided a
challenge to such a protein-only model of prion
replication, prion strains can be clearly distinguished by
differences in the biochemical properties of Prps.'+'®
Prion-strain diversity seems to be encoded by differences
in PrP conformation and pattern of glycosylation.’® A
molecular approach to strain typing based on these
characteristics has enabled the identification of four main
types of CJD—sporadic and iatrogenic CJD are of PrP>
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Typical effect of a species barrier: transmission of cattle BSE
and mouse-passaged BSE to inbred FVB mice
Primary passage associated with long mean incubation period, wider
range of incubation periods, and <100% animals developing chimcal

disease Subsequent passages in mice associated with consistent short
mncubation and all ammals succumb 10 disease

and an appreciation of the biological effects of species
barners, does, in my opinion, challenge such optimism.

Epidermics of human prion disease
The kuru epidemic m the eastern highlands of Papua New
Gumea provided the largest experience of acquired
human prion disease ** Kuru was transmitted during
cannibalistic feasts when deceased relatives were eaten by
their close family and others in the immediate community.
The epidemic 15 thought to have originated when a person
who had developed sporadic CJD, which is known to
occur at random in all populations, died and was eaten.
The recycling of prions within this isolated population led
to a substantial eprdermic that became the major cause of
death among children and adult women. Before the end of
cannibalism 1n the Jate 1950s, such feasts were common
and the multiple exposures that individual kuru patients
may have had complicated precise estimates of incubation
periods However, studies of later cases with well-defined
exposures provided more precise estimates.* Rare cases of
kuru were recorded in children as young as 4-5 years,
which  suggests ncubation periods of this length or
shorter. Although dietary exposure to kuru was assumed
to be the main route of transmission, mnoculation with
bram or other tissue, either via cuts or sores or to the
conjunctiva (through eye rubbing) was also likely. Since
such routes of transmission in laboratory animals result in
shorter mean mcubation periods than oral exposure, these
cases of kuru with very short incubation periods may not
represent oral transmission. At the other extreme,
occasional cases of kuru are still occurring in the Fore
region in patients exposed during some of the last
cannibalistic feasts held in their villages, and are
consistent with incubation of longer than 40 vyears
(unpubhshed data). Mean incubation periods have been
estimated to be around 12 years (M Alpers, personal
communication).

More than 100 cases of acquired CJD have occurred as
a result of intramuscular injection with human cadaveric
piturtary-derived  growth  hormone,  inadvertently
contammnated with CJD prions. Multiple exposures,
commonly over several years, complicate accurate
estimation of incubation periods. Mean incubation
peniods are, however, estimated to be about 12 years.*

Together, these data suggest that incubation periods of
human prions in human beings (in the absence of a

species barrier) after peripheral inoculation or oral
exposure, range from at least 4 years to 40 years, with a
mean of about 10-15 years. Cases resulting from oral
exposure may have longer mean incubation. Most of the
earliest cases of C]D related to iatrogenic growth hormone
in the UK were homozygous for valine at polymorphic
PRNFP codon 129, a genotype seen in about 11% of
normal white people.” This effect of codon 129 genotype
may affect the mean incubation period as well as overall
susceptibility. Heterozygotes would be expected to have
the longest mean incubation periods.

The species barrier

Transmission of prion diseases between different
mammalian species is limited by a so-called species
barrier.* On primary passage of prions from species A to
species B, typically not all inoculated animals of species B
would succumb; those that did would do so with longer
and more variable incubation periods than with
transmission of prions within the same species, on which,
typically, all inoculated animals would succumb with a
short and remarkably consistent incubation period. On
second passage of infectivity to further animals of species
B, transmission parameters resemble within-species
transmissions, with most, if not all, animals developing
the disease with short and_consistent incubation periods.
Species barriers can therefore be quantified by
measurement of the fall in mean incubation period on
primary and second passage in the new host species or,
perhaps more rigorously, by comparative titration study.
The latter involves inoculation of serial dilutions of an
inoculum in the donor and the new host species, and
companson of the dilution required to kill 50% of animals
(LDsy). The effect of a substantial species barrier (for
instance that between hamsters and mice) is that few, if
any, anunals succumb to disease on primary passage and
at incubation periods approaching the natural lifespan of
the species concerned.

As an example, consider the species barrier that limits
transmussion of BSE from cattle to conventional mice
This barrier has been extensively studied experimentally
because of the use of mice to assay BSE infectivity. BSE
can be readily transmitted to mice, with most, if not all,
inoculated animals succumbing to disease on primary
passage (also known as a high attack rate). This relatively
moderate species barrier has been formally measured by
comparative titration studies of the same BSE isolate by
intracerebral inoculation into cattle and mice, which have
shown a barrier of about 1000-fold (ie, it takes 1000 times
more BSE inoculum to kil a mouse than a cow).*® The
effect of this barrier on incubation periods is to increase
mean incubation periods by around three-fold and to
substantially increase the range of incubation periods
(figure).

Such experiments are generally done by the most
efficient route of transmission (intracerebral). A formal
titration of BSE-infected material in mice to determine an
oral LD, has not been reported. However, oral challenge
with about 10 g of BSE-affected cow brain killed most
exposed mice.” If the bovine-to-human species barrier
were similar to that to mice, that would suggest an oral
LD,, in human beings of a similar magnitude to that for
mice. Clearly, the hope is that the species barrier limiting
transmission of BSE to human beings will be far higher. If
we assume, however, that the barrier is similar (it remains
possible that it could be lower), extrapolation would
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bovine offals ban was being mntroduced and the incidence
of BSE 1n cattle was still rising rapidly. The exposure of
the population to BSE depended, however, not only on
the BSE epidemc curve itself and the timing of the
specified bovine offals and other statutory bans designed
to keep exposure to BSE to a minimum, but also on the
extent to which these bans were effective. The effect of
such bans is dependent on the extent to which high-titre
tissues, especially brain, were actually used for human
food products before the ban, much of this material may
have been rendered for animal feed. Although it could be
argued that the current cases of variant CJD were exposed
to BSE near the peak period of exposure, perhaps around
1990, incubation periods of the earliest variant C}JD cases
would have to be 5 years or less, which corresponds to the
shortest reported incubation periods of kuru, for which
transmission did not involve a species barrier. This
possibility seems implausible and contradictory, since
cases arising from earlier exposure to BSE would then be
expected to have occurred. Shorter incubation periods
imply a correspondingly smaller species barrier, which in
turn implies a larger epidemic size for a given population
exposure. Arguments for longer incubation periods in the
current variant C}D patients, with apparently reassuring
implications for the species barrier and attack rate, have to
place infection at a very early stage of the BSE epidemic
when exposure was low compared with subsequent
exposure.

Another important consideration is that the affected
indwviduals to date have had no history of an unusual
dietary or occupational exposure to BSE.”® Transmission
of prion diseases 1s lighly dose dependent, and
inoculation 1s a more efficient route of transmission than
is the oral route n laboratory animals. Therefore, if BSE
had low pathogenicity for hurnan beings and only a small
epudemic occurred, the few individuals who contracted
variant CJD might be expected to have had inoculation
injuries with BSE-infected material (eg, abattoir workers)
or an unusual diet with known exposure to brain or other
high-titre tissues. Instead, the lack of such history is
suggestive of one or more key environmental cofactors or
sornething unusual about these individuals that gives
them a high innate sensitivity to BSE. Such susceptibility
could be an increased sensitivity to infection with the
agent, a shorter incubation period after infection, or both.
The unremarkable history of exposure to BSE among
patients with variant CJD to date suggests that these
susceptibility factors are more important than the
degree of exposure. Susceptibility could be genetic or
related to one or more cofactors. All patients with variant
CJD analysed to date have been PRNP codon 129
methionine homozygotes (refs 45, 46, and unpublished
data). All cattle studied are homozygous for methionine
at the corresponding bovine codon.” About 38% of
the normal white population are, however, of this
PRNP genotype.

Studies of inbred lines of mice, encoding the same
Prnp allele, but with various incubation periods to the
same prion strain, suggest that other genetic loci affect the
incubation perfod. The human homologues of these
unidentified disease-modifier loci are likely to be relevant
to BSE incubation periods in human beings. Possible
cofactors that might facilitate infection by the oral route
include buccal lesions and tonsil and gastrointestinal
infection. Coexistent gut infection with nematodes may
predispose to scrapie infection of sheep.* It has been long

established in natural sheep scrapie and experimental
rodent scrapie that early prion rephication occurs in the
lymphoreticular systemn, with detectable neuroinvasion
much later in the incubation period.® In cattle, BSE
infectivity is first detectable in the distal ileum around 6
months after exposure, consistent with infection in Peyer's
patches.®® PrP> is detectable in lymphoreticular tissues
from all patients studied to date with variant CJD, in
sharp contrast to other forms of CJD, which suggests a
prominent lymphoreticular phase in human infection with
BSE prions.** % Such a cofactor could be relevant to the
unexplained age distribution of variam CJD, smnce
children would be expected to have more frequent
infections activating such lymphoreticular tissues that may
facilitate access, replication, or both of BSE prions. By
contrast, immunosuppression may be protective against
prion disease.****

To date, epidemiological studies have not identified any
environmental risk factors for variant CJD other than that
of UK residence. ldentification of particular foodstuffs
that might have contained high concentrations of the BSE
prion and have caused variant CJD is severely hampered
by lack of knowledge about the distribution of BSE-
infected tissues in food products and the extreme
difficulty of obtaining accurate and detailed dietary
histories from years previously in anyone, let alone those

with severe cognitive impairment. However, some

hypothesis-driven questions could be pursued, for
example, about histories of specific infectious diseases
(that result in activation of the lymphoreticular system of
the tonsils, gut, or both—or severe leucocytosis) and
gastrointestinal  disorders (that might affect gut
permeability to prions) during the peak exposure of the
population to BSE. These questions will also be
challenging to an epidemiological approach, and
experimental studies to confirm such cofactors in
laboratory animals may be the only realistic way to
address such hypotheses.

Finally, transmission studies in transgenic mice
expressing human PrP valine 129 have suggested that
transmission of BSE to human beings with the PRNP
codon 129 valine homozygous genotype (and possibly
heterozygotes) might lead to a clinical syndrome distinct
from variant CJD, since a different PrP* type {designated
type 5) was produced on transmission of variant CJD to
such anmnals.”® It js unknown whether type 5 human
prions would produce another new disease, such as
variant CJD, which was quite distinct and easy to
differentiate from classic C}D on clinical and pathological
criteria, or produce a phenotype indistinguishable from
classic forms of CJD. In the latter situation, such cases
could still be distinguished by molecular-strain typing. No
such cases have yet been reported.

Remaining routes of transmission of BSE and
variant CID

The substantial extension of measures to limit dietary
exposure to BSE prions in March, 1996, especially the
30-month rule (whereby only animals younger than this
age can be used for human foodstuffs), allied with the
continued decline in the UK BSE epidemic, should have
ensured that any cattle BSE entering the human diet is
kept to a minimum, if significant at all, compared with
earlier exposure It is still theoretically possible, however,
that BSE could have been transmitted to other

THF LANCET = Vol 354 « July 24, 1999

321



-

o

20

21
2

N

2

w

2

N

2

w

26

2

<

28

2

@

30

3

32

3

w

3

S

3

o

36

37

38

3

@

40

monomeric human prion protein between native and fibrilogenic
conformations Science 1999, 283: 1935-37

Bessen RA, Marsh RF Biochemical and physical properties of the
prion protein from two strans of the transmmssible mink
encephalopathy agent J Vire/ 1992, 66: 2096-101

5 Bessen RA, Marsh RF Disunct PrP properties suggest the molecular

basis of strain vanation in transmissible mink encephalopathy J Viro/
1994, 68 7859-68

Collinge ], Sidle KCL, Meads ], Ironside J, HIl AF Molecular
analysis of prion strain vaniation and the aetiology of ‘new vanant’
CJD Nature 1996, 383: 685-90

Teling GC, Parchi P, DeArmond SJ, et al Evidence for the
conformation of the pathologic 1soform of the prion protein
enciphering and propagating prion diversity Scence 1996, 274:
2079-82

Parcti P, Castellam R, Capellan S, et at Molecutar basis of
phenotypic varrabiity n sporadic Creutzfeldt-Jakob disease Ann
Neurol 1996, 39: 669-80

Wadsworth JDF, Hill AF Jomer S, Jackson GS. Clarke AR,
Collinge ] Stran-specific pnon-protem conformanon deterrmned

by metal wons Nar Cell Bio) 1999; 1. 55-59

Cuille ], Chelle PL. La matadie dite tremblante du mouton est-elle
mocuable? C R Acad Sc; 1936, 203: 1552-54

Hadlow W}. Scrape and kuru  Lancet 1959, n 289-90

Gaydusek DC, Gibbs C] Jr, Alpers MP Expernimental transmission of
a kuru-hke syndrome to chimpanzees Narure 1966, 209: 794-96
Gibbs C} Jr, Gaydusek DC, Asher DM, et al Creutzfeldt-)Jakob
disease (spongiform dncephalopathy) transmission to the chumpanzee
Science 1968, 161: 388-89

Wilesmith JW, Wells GA, Cranwell MP, Ryan JB Bovine spongiform
encephalopathy epidemiological studies Ver Rec 1988, 123; 638-44
Bruce M, Chree A, McConnelt 1, Foster }, Pearson G, Fraser H
Transmussion of bovine spongiform encephalopathy and scrapie to
mice strain variation and the species barner Philos Trans R Soc Lond
B Brol Ser 1994, 343+ 405-11

Hait, AF, Sudle KCL, Joer S, et al Molecular screemng of sheep for
bovine spongiform encephalopathy Neuroscr Lett 1998, 255: 159-62
Cuthip RC, Miller JM, Race RE, et al Intracerebral transmussion of
scrapie to cattle J Infect Dis 1994, 169: 814-20

Wil RG, Tronside JW Zeiwdler M, et al A new vanant of Creutzfeldt-
lakob disease in the UK Lancer 1996, 347- 921-25

Collinge J, Rossor M A new vaniant of pnon disease Lancer 1996,
347 916-17

Hilt AF, Desbrustars M, Joiner S, Sidle KCL Gowland 1, Colhnge §
The same pnion strain causes vC]D and BSE Nature 1997, 389:
148-50

Bruce ME, Will RG, Ironside JW, et al Transmissions to mice
indicate that new vaniant’ CJD 15 caused by the BSE agent Nature
1997 389: 4198-501

Cousens SN, Vynnycky E, Zerdler M, Wil RG. Smith PG Predicting
the CJD epidemic 0 humans Nature 1997, 385: 197-98

Ghamt AC, Ferguson NM, Donneily CA, Hagenaars T},

Anderson RM Epidemiological determmants of the pattern and
magnitude of the vCJD epidemic in Great Brtamn Proc R Soc Lond B
Biol Sc1 1999, 265: 2243-52

Alpers MP Epidemiology and chrnucal aspects of kuru In

Prusiner SB, McKinley MP, eds Prions novel infectious pathogens
causing scrapie and Creutzfeldt-Jakob disease San Diego. Acadermc
Press, 1987 451-65

Khtzman RL, Alpers MP, Gajdusek DC The natural incubation
period of kuru and the episodes of transmussion in three clusters of
patents Neurvepidemology 1984, 3: 3-20

Brown P, Preece MA, Will RG “Friendly fire” in medicine
hormones, homografts, and Creutzfeldt-Jakob disease Lancer 1992,
340: 24-27

Owen F, Poulter M, Collinge ], Crow TJ A codon 129 polymorphism
in the PRIP gene Nucleic Aads Res 1990, 18: 3103

Patuson IH Experiments with scrapie with special reference to the
nature of the agent and the pathology of the disease In Gajdusek CJ,
Gibbs CJ, Alpers MP, eds Slow, latent and temperate virus infections,
NINDB monograph 2 Washington DC US Government Printing,
1965 249-57

Wells GAH, Hawkins SAC, Green RB. et al Preliminary observations
on the pathogenesis of expertmental bovine spongiform
encephalopathy (BSE) an update Ver Rec 1998, 142: 103-06
Barlow RM, Middleton D) Dietary transmission of bovine
spongiform encephalopathy to mice. Ver Rec 1990, 126: 111-12

41

4

~N

43

44

4

o

4

o2

47

48

48

50

5

=

5

3%

53

5

S

55

56

57

58

6

=]

6

62

6.

w

6

Y

65

66

67

68

Prusiner SB Scott M, Foster D, et al Transgeneuc studies imphcate
interactions between homologous PrP 1soforms i scrapse prion
replication Ce// 1990, 63: 673-86

Colhnge J, Palmer MS, Sidle KCL, et al Unaltered susceptibility to
BSE 1n transgenic mice expressing human prion protein Nature 1995,
378: 779-83

Dinnger H, Roehmel }, Beekes M Effect of repeated oral infection of
hamsters with scrapie J Gen Viro/ 1998, 79: 609-12

Anderson RM, Donnelly CA, Ferguson NM, et al Transmission
dynamics and eprdermology of BSE in Bnitsh cattle  Nature 1996;
382: 779-88

Collinge }. Beck }, Campbell T, Estiberro K, Will RG. Prion protein
gene analysis in new variant cases of Creutzfeldt-Jakob disease Lancet
1996; 348: 56

Hill AF, Butterworth R}, Joner S, et al Investigation of variant
Creutzfeldt Jakob disease and other human prion disease with tonsi!
biopsy samples Lancer 1999, 353: 183-89

Goldmann W, Hunter N, Martin T, Dawson M, Hope ] Drfferent
forms of the bovine PrP gene have five or six copies of a short, G-C-
rich element within the protein-coding exon J Gen Virol 1991, 72:
201-04

Clouscard C, Beaudry P, Elsen JM, et al Different allelic effects of the
codons 136 and 171 of the prion protein gene in sheep with natural
scrapie J Gen Virol 1995, 76: 2097-101.

Fraser H, Bruce ME, Davies D, Farguhar CF, McBride PA

The Lymphoreticular system n the pathogenesis of scrapie In
Prusiner SB, Collinge ], Powell ], Anderton B, eds Prion diseases of
humans and ammals London Elhs Horwood, 1992 308-17

Wells GA, Dawson M, Hawkins SA, et al Infectivity sn the ileum of
cattle challenged orally with bovine spongiform encephalopathy Vet
Rec 1994, 135: 40-41

Hill AF, Zerdlesr M, Ironside J, Colinge } Dragnosis of new variant
Creutzfeldt-Jakob disease by tansil biopsy Lancer 1997, 349: 99-100
Hilton DA, Fathers E, Edwards P, Ironside JW. Zajicek ] Prion
tmmunoreactvity 1in appendix before clinical onset of variant
Creutzfeldt-Jakob disease Lancer 1998, 352: 703-04

Outram GW, Dickinson AG, Fraser H Reduced susceptibibty to
scrapie 1n mice after steroid admumsstration Narure 1974; 249:
855-56

Aguzzi A, Collinge | Post-exposure prophylaxss after acaidental prion
oculation Lancet 1997, 350: 1519-20

Bueter H. Raeber A Saider A, Fischer M, Aguzzi A, Weissmann C
High prion and PrPSc levels but delayed onset of disease in scrapie-
inoculated mice heterozygous for a disrupted PrP gene Mol Med
1994, 1: 19-30

Race R, Chesebro B Scrapie infectivity found in resistant species
Nature 1998, 392- 770

Brown P Can Creutzfeldt- Jakob disease be transmutted by
transfusion? Curr Opin Hematol 1995, 2: 472-77

Cashman NR, Loertscher R, Nalbantoglu J, et al Cellular isoform of
the scrapie agent protemn participates in lyrnphocyte activation Celf
1990, 61: 185-92

Klein MA, Fngg R, Flechsig E, et al A cruaial role for B cells n
neurosnvasive scrapre  Narure 1997, 390: 687-90

Kiemn M, Frigg R, Raeber A. et al PrP expression in

B-lymphocytes 1s not required for pnion neuvroinvasion Nat Med 1998,
4:1-5

Collinge }, Hawke S B lymphocytes n prion neuroinvasion central or
penipheral players Nat Med 1998, 4: 1369-70

Bernoulh C, Siegfried . Baumgartner G. et al Danger of acadental
person-to-person transmission of Creutzfeldt-Jakob disease by surgery
Lancet 1977, 1: 478-79

Collins S, Law MG, Fletcher A, Boyd A, Kaldor J, Masters CL
Surgical treatment and risk of sporadic Creutzfeldt-jakob disease a
case-control study Lancet 1999; 353: 693-97.

Colhinge J. Palmer MS, Sidle KCL, et al Transmission of fatal familial
msomnia to laboratory animals Lancet 1995, 346: 569-70.

Hsiao KK, Scott M, Foster D. Groth DF, DeArmond SJ,

Prusiner SB Spontaneous neurodegeneration in transgenic mice with
mutant prion protein Scence 1990; 250: 1587-90.

Korth C, Stierh B, Streit P, et al Prion (PrPSc)-specific epitope
defined by a monoclonal anubody Nature 1997 390: 74-77

Hill A, Antomou M, Collinge } Protease-resistant prion protein
produced in vitro lacks detectable infectivity J Gen Virol 1999; 80-
11-14

Kocisko DA, Come JH, Priola SA, et al Cell-free formation of
protease-resistant prion protemn Nature 1994, 370: 471-74

THE LANCET - Vol 354 » July 24, 1999

323



